Abstract: High-pressure superconductivity in a rare-earth doped Ca 0.86 Pr 0.14 Fe 2 As 2 single crystalline sample has been studied up to 12 GPa and temperatures down to 11 K using designer diamond anvil cell under a quasi-hydrostatic pressure medium. The electrical resistance measurements were complemented by high pressure and low temperature x-ray diffraction studies at a synchrotron source. The electrical resistance measurements show an intriguing observation of superconductivity under pressure, with T c as high as ~51 K at 1.9 GPa, presenting the highest T c reported in the intermetallic class of 1-2-2 ironbased superconductors. The resistive transition observed suggests a possible existence of two superconducting phases at low pressures of 0.5 GPa: one phase starting at T c1 ~48 K, and the other starting at T c2~1 6 K. The two superconducting transitions show distinct variations with increasing pressure. High pressure low temperature structural studies indicate that the superconducting phase is a collapsed tetragonal ThCr 2 Si 2 -type (122) crystal structure. Our high pressure studies indicate that high T c state attributed to non-bulk superconductivity in rare-earth doped 1-2-2 iron-based superconductors is stable under compression over a broad pressure range. 
Introduction
The interplay of high pressure and material chemistry has always played a pivotal role in the discovery and optimization of novel superconducting materials [1] [2] [3] . The discovery of superconductivity at 26 K in fluorine doped LaFeAsO 1-x F x by Hosono et al in 2008 [4] [5] has generated a lot of interest in related layered ferro-pnictides [6] [7] [8] [9] [10] . In the resulting researches, bulk superconductivity has been obtained in several layered ferro-pnictides under application of high pressure or chemical doping upon the suppression of spin-density-wave (SDW) state. However, the maximum T c achieved to date in these compounds remains below 57 K achieved through electron doping in 1111 family [11] and 38 K achieved through hole doping in 122 family [12] . CaFe 2 As 2 has the ThCr 2 Si 2 -type tetragonal (T) crystal structure at ambient conditions, and exhibits a tetragonal to orthorhombic structural transition and antiferromagnetic (AFM) ordering on cooling and a pressure-induced structural transition to a collapsed-tetragonal (CT) crystal structure at high pressures [1] . The structural and AFM transitions are suppressed under high pressures and superconductivity is induced with a T C maximum reported under high pressure [1] . Another way to induce isostructural tetragonal structure collapse is through chemical pressure [13, 14] . Saha et al. reported that even 7.5 % substitution of Ca 2+ with the rare-earth Pr 3+ is enough to cause the electron doped compound to collapse upon cooling before 51 K with higher doping concentrations leading to higher temperature of structure collapse [14] .
structural and interfacial superconducting properties of rare-earth doped CaFe 2 As 2 compounds with optimal composition for high T c . Pr doped Ca 0.85 Pr 0.13±2 Fe 2 As 2 forms an ideal candidate for high pressure studies because it has the highest T c (49 K) reported to date among the 122 Fe-based materials [10, 13] .
In this report, a series of temperature-and pressure-dependent electrical resistance measurements, up to ~ 12.2 GPa and down to ~11 K, were undertaken to investigate the pressure evolution of superconductivity in rare earth doped single crystalline Ca 0.86 Pr 0.14 Fe 2 As 2 , using a designer-diamond anvil cell (DAC). We further carried out simultaneous pressure-and temperature-dependent x-ray diffraction studies on the sample down to 9 K to determine the crystalline structure of the structure and the sample remains in the CT phase even at extreme pressures (7.5±0.2 GPa) and low temperatures (9 K) where the sample still displays signatures of non-bulk high-T c superconductivity.
This is the first report of high-pressure study of both structural and superconductivity in RE-doped Ca 1-x Re x Fe 2 As 2.
Experimental Details.
Large platelets of single-crystal samples of Ca 0.86 Pr 0.14 Fe 2 As 2 were grown from FeAs flux, similar to that described in reference [16] . The crystals were characterized using energy dispersive x-ray spectroscopy (EDS), x-ray diffraction (XRD), temperature-dependent magnetization and electrical resistance measurements. High-pressure and low-temperature electrical resistance measurements were preformed on the single crystal Ca 0.86 Pr 0.14 Fe 2 As 2 were performed using four-probe method in a sixtungsten microprobe designer DAC with 280μm size cullet as described earlier [17] [18] . The eight tungsten microprobes are encapsulated in a homoepitaxial diamond film and are exposed only near the tip of the diamond to make contact with the sample. The sample was loaded into a 165 μm hole of a 225 μm thick spring-steel gasket that was first pre-indented to a ~100 μm thickness and mounted between a matched pair of the 280 μm cullet size designer diamond anvils and 300 μm cullet size matching diamond, ready for high-pressure and low temperature experiments. Two electrical leads pass constant 5µA current through the sample and two additional leads measure voltage across the sample. Care was taken to electrically insulate the sample and the designer microprobes from the metallic gasket by using solid steatite as a pressure medium. In addition, the solid steatite pressure medium provides for a quasihydrostatic pressure measurement condition. Pressure was applied using a gas membrane to the designer DAC. For simultaneous temperature-and pressure-dependent x-ray diffraction experiments, the designer DAC was cooled down in a continuous helium flow-type-cryostat, and the pressure in the cell was measured in situ with the ruby fluorescence technique [18] [19] . Experimental geometric constraints and the sample-to-image plate detector distance were calibrated using CeO 2 diffraction pattern and were held at the standard throughout the entirety of the experiment. The software package FIT2D [20] was used to integrate the collected MAR345 image plate diffraction patterns which were refined using GSAS [21] software package with EXPGUI interface [22] employing full-pattern Rietveld refinements and Le Bail fit techniques to extract structural parameters including atomic coordinates, bond angles, bond distances, lattice parameters, preferential orientation ratios. Since the present electrical resistance measurements are restricted to temperatures above 11 K, it is possible that the onset of T c1 and T c2 transition may occur below 11 K for pressures greater than 11.5
Results and Discussions
GPa and 4 GPa, respectively. Note that electrical resistance do not become completely zero in the superconducting phases for this sample in all pressure range investigated as is the case for other 122 materials under pressure studied previously by our group under similar quasi-hydrostatic pressure conditions in designer diamonds. The T c1 of 48 K observed at ~0.5 GPa and the non-zero electrical resistance in the superconducting phase is consistent with recent reports on rare-earth CaFe 2 As 2 at ambient pressure [10] . from the fit is at ~2.1 GPa and has a value of 51 K.
T c1 (in K) = 45.11±1.03 + 5.79±0.73P -1.65±0.14P 2 +0.08±01P 3 , (P is pressure in GPa)
The T c2 variation can be fitted by the following liner equation over the entire pressure range yielding 17.9 K at ambient pressure.
T C2 (in K) = 17.87±0.73 -1.23±0.39P, (P is pressure in GPa)
Our measured value of dT c1 /dP at ambient pressure (P≈0) is 5.79 K GPa -1 . This is higher in magnitude and different in sign as compared dT c2 /dP of -1.23 K GPa -1 reported for second superconducting phase confined to the lower pressure region between 0 and 3.2 GPa.
Our results show that the T c1 dome for RE-doped CaFe 2 As 2 is unusually broader extending over a Table 1 . The crystallographic parameters including lattice parameters, unit cell volume, bond angles and distances obtained from the refinement of the XRD pattern at 0.5 GPa are summarized in Table 1 . The diffraction lines are all identified and indexed and the difference between the observed x-ray diffraction pattern and Rietveld fit is satisfactory small suggesting a single phase tetragonal crystalline sample with ThCr 2 Si 2 similar to earlier reports on parent 122 materials [1, 3, 6] .
The As-As bond distance of 3.1059 Å obtained at 300 K and 0.5 GPa is nearly equal to critical value of ~ 3 which was determined to mark the onset of tetragonal to collapsed tetragonal (T-CT) structural transition in related 1-2-2 materials [14] . parameter while c-lattice parameter is strongly reduced suggesting a formation of the isostructural tetragonal collapsed phase. The As-As interlayer separation was determined to be the key parameter controlling the isostructural tetragonal structure collapse in 122 materials: CaFe 2 As 2 crystal collapse once the interlayer As-As distance reaches a critical value of ~ 3 Å where As p-orbitals overlap upon application high pressure or rare-earth doping [14] . The measured As-As distance for our sample at 9 K and 7.5 GPa is 2.8142(10) Å confirming that the high-T c superconducting phase remains in the collapsed structure phase at higher pressures. Full structural refinement data for Ca 0.86 Pr 0.14 Fe 2 As 2 at 9 K and 7.5
GPa in the stabilized collapsed phase are tabulated in Table I . It is believed that T C values are maximum when the corrugated FeAs layers exhibit coordination close to the ideal tetrahedral configuration (α = 109.9). Applied pressure drives the structure away from this ideal tetrahedral coordination by 3.4 % at 0.5 GPa where T c is 48 K and by 5.35% at 7.5 GPa in the CT phase.
Conclusions
In summary, pressure and temperature-dependent electrical resistance measurements are reported on Ca 0.86 Pr 0.14 Fe 2 As 2 using a designer DAC to 12.2 GPa and down to 11 K. The resistance measurements
show an evidence of a pressure-enhanced superconductivity with a remarkable maximum T c1 of ~51 K at only 1.9 GPa. The onset of superconducting transition temperature decreases with increasing pressure and disappears for pressures above ~12 GPa above 11 K. The complementary x-ray diffraction studies conducted under high pressure and low temperature conditions suggest that that the crystal structure of the superconducting phase of the rare rare-earth doped Ca 0.86 Pr 0.14 Fe 2 As 2 is of the collapsed tetragonal (001) with a GSAS refinement MarchDollase Preferential Orientation ratio of 2.45539 at (9 K, 7.5 GPa) and 2.382975 at (0.5 GPa, 300 K).
Temperature 300 K 9 K
